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NOMENCLATURE

D ' Orifice diameter

ET Energy exchange efficiency

H Duct height

J Momentum flux ratio, (pVZ)J/(pVZ)w

L Vertical distance from jet centerline
S Orifice spacing

T Temperature

v Velocity

W Width

W Weight flow rate

X X distance, axis parallel to Primary
Y Y diétance, vertical axis

Z Z distance, Tateral axis

Subscripts

o Temperature centerline

cent Jet centerplane (Z = 0.0)

EB Energv balance value

i Proberties at a point

3 Jet condition

mia Jet midplane (Z = $/2.)

min Minimum value

v Velocity center line

o Primary stream condition |

1/2 “Half value or half width
Superscripts

+  Plus side of jet (far side from injection plane)

- Minus side of jet (side near injection plane)

vii



Nomenclature {cont.)

Greek
o, Temperature difference ratio, (T - T.)/(T - TJ)
O Energy balance temperature difference ratio (T, - To)/(T - T,)
o Density

® (Oé,cent’ Opg)/(1 - Ogg)

viii



1 SUMMARY

The purpose of this study was to correlate the experimental -diluent
air/primary'combustor gas mixing efficiency and downstream temperature dis-
tributions obtained during the Multiple Jet Study (NAS 3-15703) to gas turbine
combustor 6perating and desian variables. The experimental data were generated
by probe measurements from tests on single rows of multiple dilution orifices
(diameters of .64 to 2.54 cm) injected into a Tow Mach number (M = .03) heated
primary stream (450°K to 750°K) in a 10.2 by 30.5 cm duct. The correlations
were developed using power form or exponential equations which related the
various dependent temperature field variables to the independent operating and
design variables.

The dependent mixing and jet penetration parameters correlated at
each downstream data location were: the jet/primary stream mixing efficiency;
the jet temperature and velocity trajectories downstream of the injection ori-
fice in the jet centerplane-of-symmetry; the maximum centerplane temperature
difference (which is on the temperature centerline); the jet half-width values
 on each side of the jet centerline in the jet centerplane-of-symmetry; and
the minimum temperature difference values on each side of the centerline.
When coupled with the Gaussian form assumed for the profiles, these parameters
completely define the centerplane temperature distribution at any downstream
location. '

The development of the off-centerplane temperature distribution made
use of the observed Gaussian nature of the vertical temperature distribution
at all stations where the flow field was influenced by the diluent jets. The
off-centerplane correlations included the ratio of temperature maximum values
at the lateral planes to the maximum values in the centerplane and the ratios
of jet thermal penetration in the lateral planes to the thermal penetration
in the centerplane. The off-centerplane half-widths were assumed to be equal
to the torresponding centerplane values. Also the ratio of the minimum to
maximum temperature difference at any off-centerplane location was assumed
to equal the corresponding centerplane ratio.



I Summary (cont.)

The parameters and relationships described above provided the necessary
input for comp]ete.characterization of the temperature field downstream of the
diluent injection plane. The range of the operating and desion variables used
to develop the various correlations were selected to make the correlations
relevant for use in the design of a wide spectrum of combustors for gas tur-
bine engines. Five independent variables (one operating variable and four
geometric variables) were used to achieve correlation of the dependent para-
meters with the test data. The independent variables used 1n the corre]ations
and their ranges were: jet/primary momentum flux ratio, (pV ) t/(pV )primary
(6-60): orifice spac1nu/Jet diameter ratio, S/D (2.5-7.5); duct height to
jet diameter ratio, H/DJ (5-20); downstream d1stance to jet diameter ratio,
X/0, (1.25 - 30); and lateral distance to jet 5pac1nq, 2/S (0-.5). In addi-
tion, diluent to primary flow ratios of .04 to .60 were 1mp11c1t in the data
but were not required to correlate the data. The correlations were based on
data obtained from a matrix of five axial stations, six lateral stations and
20 vertical stations in the flow field during approximately 50 tests on eleven
orifice row designs.

11 INTRODUCT 10N

The “Program to Correlate Diluent Air/Primary Combustion Gas Mixing
Parameters with Gas Turbine Operating and Design Variables", was conducted
under NASA Lewis Research Center contract NAS 3-18026. The correlations
developed were based on data generated during the Multiple Jet Study (Contract
NAS 3-15703, Ref, 1). A mixing efficiency parameter, termed the energy exchange
efficiency (ET)’ was defined during the performance of the Multiple Jet Study
and was shown to quantify the diluent/primary stream mixing efficiencies over
a range of test and operating conditions {(Ref. {1)). This study extended the
previous study to mathematically define the relationship between ET and the
combustor variables. Also, the study included an investigation of the corre-
lation between the combustor variables and the temperature profiles downstream
of the diluent injection plane. A goal of the program was to develop a general
model which would allow predictions of flow field temperature distributions
as a function of combustor operating and design variables.



I! Introduction (cont.)

~

Correlations of the penetration and mixing of jets in a crossfiow
has application to many probiems of current interest, such as:

(1) Cooling of primary combustion gases with diluent air in
gas turbine combustors.

(2) Cooling of hot gas streams in numerous industrial and military
déevices. '
{3} Film Cooling of combustion chamber walls, turbine blades,

and reentry vehicle nose cones.
(4} The aerodynamics of STOL and YTOL aircraft.

(5) The concentration and paths of pollutants downstream of
industrial chimneys or downstream from discharge lines
leading into rivers or streams..

The results of this stud§ apply most directly to Items (1) and (2)
above. The development of valid correlations for the mixing process between
cool multiple jets and a hot primary gas stream has two principal interrelated
benefits: (1} throuah proper design of secondary air admission ports, the
combustor weight is reduced and packaging is improved since lengths required
to achieve uniform temperature and mass flux profiles can be minimized, and
{2) the decreased combustor length required for complete mixing will result
in minimum residence time for production of nitrogen oxides.

Although the interaction of subsonic circular and noncircular jets
injected normally into a subsonic mainstream flow has been the subject of
numerous analytical and experimental studies, (Ref. 2-7), most published
works to date have dealt with single jets rather than multiple jets in a
bounded cross flow as required to simulate the gas turbine combustor secondary
air admission problem. Two recent experimental studies, the above mentioned
work done by Aerojet Liquid Rocket Company {Ref. 1) and work done by Case
Western Reserve University (Ref. 8), have produced data for the study of the
interaction of a row of multiple jets in a confined crossflow. Correlation

-3-



I1 Introduction {(cont.}

of a portion of the Reference T data has been done by Cox at Pratt & Whitney
Aircraft (Ref. 9 and 10). The present study is based on a larger body of
data than the Reference 9 study and the correlations were derived over a
wider range of variables. '

The correlations presented here were developed by relating the
various dependent temperature field variables to the independent operating
and design variables using power form or exponential equations. The basic
forms of the correlating equations were developed from theoretical considera-
tions and from observations of the empirical behavior, with the specific
coefficients and exponents derived from a covariance analysis of the test
data. This technique has led to correlations which are simple to apply
and lead to an insight into the physical processes occurring during pene-
tration and mixing of multiple jets in a confined crossflow.

ITl TECHNICAL DISCUSSION

A. Data Sample and Metheod of Analysis

The multiple jet correlations are based on data obtained during
the performance of Contract NAS 3-15703 (Ref. 1). The centerplane correla-
tion equations are based on multiple covariance analyses using over 200 test
data points from eleven orifice row configurations at an average of four test
operating conditions. A summary of the test configurations and opérating
conditions is contained in Table I. For the off centerplane evaluation, data
from over 800 test data points was used. Although the correlations were based
on the Reference 1 data, some comparisons are made with the experimental results
of Reference 8. In addition, the results of the present study are compared
with the results of Reference 9, which was based on selected tests from the
Reference 1 data.

The covariance analyses were conducted using ALRC One-Way Multipie
Covariance Analysis Program (FD 0088). The program uses standard multiple
regression and covariance techniques and computational methods. The analysis
may be performed for up to 20 variables and 500 aroups. A trans-generation
feature allows for additional variables to be generated or transformed from

-4



111 Technical Discussion {cont.)

the input variables as desired. For the particular reguirements of the
"Multiple Jet Correlation Study" the program was modified to accept input
from the mass storage data files created for each dependent parameter.

Five independent variables (one operating variable and four
geometric variables) were used to achieve correlation of the dependent para-
meters with the test data The independent variables were: jet/primary
momentum flux ratio, (pV ) t/( y )pr1mary’ orifice spacing/jet diameter ratio,
S/D 3} duct height to jet d1ameter ratio, H/DJ, downstream distance to jet
diameter ratio, X/DJ, and lateral distance to jet spacing, Z/S. The diluent
jet to primary stream density ratio was an additional parameter which was
varied during the test series. However, over the range of density ratios
tested (1.6, 2.2 and 2.7}, no significant influences of the parameter were
observed. Not used as a parameter to correlate the data, but implicit in
the data, were diluent to primary flow ratios of .04 to .60. The correla-
tions were based on data obtained from a matrix of five axial stations, six
lateral stations and 20 vertical stations in the temperature field. The
ranges of the opekatfng and design variables used to develop the various
correlations are given in Table I.

B. Correlating Parameters and Assumptions
1. Mixing Efficiency

A mixing efficiency parameter, termed the energy exchange
efficiency (ET)'was defined during the performance of the Multiple Jet Study
(Ref. 1) and was shown to quantify the diluent/primary stream mixing efficiency
over a range of test and operating conditions (Ref. 1, 11). During the present
study the ET values were correlated as a function of the downstream distance,
the combustor momentum flux ratio and the diluent jet size and spacing. The
advantage of developing a correlation for a general mixing efficiency para-
meter, such as ET’ in addition to the other temperature field parameters, is
that evaluation of this single parameter will allow the designer to quickly

- .
The orifice spacing to duct height ratio, S/H, also proved to be a valuable
independent parameter, and was used in place of S/D‘J in two of the correlations.

-5



111 Technical Discussion {cont.)

estimate the overall efficiency of the diluent/primary stream mixing process
without the need to evaluate the many separate equations necessary for complete
temperature field analysis.

2. Temperature Field Parameters

An illustration of the coordinate system used during the
study together with a representation of the temperature field parameters is
contained on Figure 1. In order to define the dimensionless temperature
field downstream of the diluent injection orifices correlations must be
developed for certain principal parameters and some key observations regarding
the nature of the temperature field must be utilized. To develop the temp-
erature field the diluent jet temperature trajectory in the orifice center-
plane-of-symmetry downstream of the injection orifice wmust be defined and the
temperature values along this path must be known. In addition, vertical
temperature distribution shape parameters in the orifice centerplane must
be defined {See Figure 1) anc¢ the shape of the temperature distribution off
the centerplane must be Known.

(a) Jet Trajectory Parameters

The diluent jet trajectory is defined in terms
of the local penetration depth as a function of downstream distance, with
both the penetration and downstream distance nondimensionalized by jet dia-
meter. Both a velocity penetration and a thermal penetration were evaluated
during this study. The velocity penetration, YV/DJ’ is defined as the Toca-~
tion of the maximum total pressure. The thermal penetration, Yc/Dj’ is defined
as the location of the maximum temperature difference. The locus of penetration
with downstream distance defines the trajectories. The thermal penetration has

a direct impact on subsequent correlations for the complete temperature field.
{b) Non-Dimensional Temperature Parameters

The temperature parameter used for this study is
the nondimensional temperature difference in the flow field downstream of jet
injection, theta (Gi)’ defined as:

-6-



111 Technical Discussion {cont.)

T - .
v . 1= T (1)
1 - TJ
where:
&. = Theta, nondimensional temperature difference at a
! point in the flow field

T, = primary flow stagnation temperature
T; = Jet stagnation temperature
T = stagnation temperature at a point in the flow field

Theta is a measure of the temperature suppression in the flow field. The
value of theta can vary from one, when measured temperature equals the jet
temperature, to zero, when the measured temperature equals the primary stream
temperature.

If complete mixing of the jet and mainstream
flow occurs, the value of theta will be constant and T1 will be everywhere
equal to the ideal equilibrium temperature between jet and mainstream. Thus,

. i} T, - TEB (2)
EB T -1
_ = J
where:
GEB = jdeal equilibrium theta
TEB = stagnation temperature resulting from complete

thermal enerqy exchange

The ideal theta is a useful parameter; a comparison between the measured
Tocal theta and the ideal theta provides a means of gauging the local mixing.

The maximum dimensionless temperature difference

on the centerplane, & defines the thermal trajectory. For the case of

c,cent’
a single jet in a .sem1-1nf;mte crossflow, 1z&c,cent 20, and Gc,cent is
expressable as Gh cent ~ X', Ref. 7. For multiple jets in a confined flow,

e

-7-



126 = BEB’ and the power form is not appropriaté. If the centerline

c,cent
temperature decay is expressed as,
(:) = Teg = Te cent (3)
TEB - Tj

(:)15 a measure of the flow field temperature reduction occurring along the
centerline compared to the maximum possible reduction. Since 1} a(:)sz,

(:)can be modeled with the power form. Then BE cent Can be obtained from
. cent ° (:>.(3 - Bp) * Oy (4)
(c) Centerplane Temperature Profiles

The correlation of the thermal trajectory and the
centerline maximum temperature difference are the first steps in a system of
equations to define the flow field temperature distributions. The next step
is the determination of the temperature profile shape factors which will allow
the temperature distribution in the orifice centerplane about the jet centerline
to be predicted. From the work of Holdeman (Ref. 7) and Cox (Ref. 9) and the

.data of Reference (1), the assumption of a Gaussian vertical temperature dis-
tribution appears to offer a simple yet accurate means of modeling the data.

Here another important difference between the
single jet flow and the multiple, confined jet flow must be recognized. That
is, O does not have to decay to zero with increasing radial distance from the
centerline. Thus the minimum dimensiontess temperature difference above and
below the centerline, e'imin,cent’ may be greater than zero, and must be
correlated. Also, the traditional definition of the half width (the width

where & = Bb Cent/2) must be modified such that W iﬂ/z/Dj is the distance
from the centerline to where & = (& + 8’+ )/2. This is necessary

¢,cent “min,cent
since 0" may be everywhere greater than OE cent/z’ and the traditional half-

width would be undefined.

Using these parameters, the vertical temperature
distribution in the centerplane was defined by:



II1I Technical Discussion {cont.}

Li/Py 21
AG. /AT = EXP -In 2. (5)
- /D
where:
A, = g o
i i,cent =~ min,cent
_ +
A0, = Gﬁ,cent 'Gr“hin,cent
Li/DJ = local distance from centerline nondimensionalized by
jet diameter
+1/2 _ . . . . .
W — /DJ = plus or minus side half width rondimensionalized by

jet diameter

A schematic drawing of the test duct is shown on Figure 1 with a typical
vertical centerplane temperature profile and temperature field parameters
illustrated.

(d) Lateral Plane Temperature Profiles

Correlations for the vertical temperature dis-
tributions off the centerplane were needed in order to model the complete
temperature field. These off-centerplane correlations included the ratio
of the maximum temperature difference values at the lateral planes to the
centerline values in the centerplane (GE,Z/GE,cent) and the ratios of the jet
thermal penetration in the lateral planes to the thermal penetration in the
centerplane (Y _ _/Y

c,z’ c,cent
of the off-centerplane temperature distributions made use of the observed

). In addition to these correlations, the development

Gaussian nature of the vertical temperature distribution at all stations where
the flow field was influenced by the diluent jets. Also, the observation that
the ratios of the minimum to maximum temperature difference at any off-center-
plane location were essentially equal to the corresponding centerplane ratios
was a key modeling relationship used in defining the complete temperature field.
Another major simplifying assumption, justified by the experimental data, was
that the off-centerplane half-widths were equal to the corresponding center-
plane half-widths.



111 Technical Discussion {cont.)

The parameters and relationships described in
the preceding paragraphs provided the necessary input for compiete charac-
terization of the temperature field downstream of the diluent injection plane.
The correlations were developed by relating the various dependent temperature
field variables to the independent operating and desian variables using power
form or exponential equations. The basic forms of the correlating equations
were developed from theoretical considerations and from observations of the
empirical behavior, with the specific coefficients and exponents derived
from a covariance analysis of the test data. A summary of the correlation

equations is shown in Table II.
C. Mixing and Centerplane Correlation Equations
1. Energy Exchange Efficiency

An energy exchange efficiency parameter was defined
in Reference 1 by:

n
e SRR SRS L1 Bl PO B T
T Ji TEB - TJ w i TEB - T, HT
i=1
where:
wdi = local jet mass flow rate
ﬂmi = local primary mass flow rate
”T = total mass flow rate

-10-



111 Technical Discussion {cont.)

The energy exchange parameter expresses the mixing effectiveness (in percent)
as the energy exchanged between the cool jets and the hot primary stream, at
any axial station, compared to the energy exchanged if both streams came to
thermal equilibrium.. The ET values have been shown to quantify the diluent/
primary stream mixing efficiencies cver a range of test and operating condi-
tions (Ref. 1, 11). During this study the energy exchange parameter has been
correlated to the combustor operating and design variables by the following
relationship:

Ep.= 100 {1.- e ] (6A)

where: 41 .44 -1.0 .44
a = .682J  (S/by)  (HDy) (/D)) . (68)

A plot of the E. correlation equation, which has a one
sigma standard error of prediction of 5.6 is shown on Figure 2. Inspection
~of Equations (6A) and (6B) shows ET to be bounded by values of O and 100 and
shows the ET prediction to increase with increasing momentum flux ratio, J,
orifice spacing, S/Dj, and downstream distance X/Dj, and orifice size 1/(H/DJ).
The correlation was developed over the ‘ranges of independent variables given

in Table I, but exciuded those specific cases (approximately 10% of the data)
where jet over penetration occurred, i.e., cases combining high momentum fTux

ratio with large hole size and hole spacing.
2. Jet Velocity Penetration

The correlation obtained for the jet velocity penetration,
YV/DJ, was:

12 23 57 18

v /Dy = 5490 (S/0p) (), (w/my) (7)

v 7

1

From the form of Fquation 7 one may see *that increasing momentum flux ratio,
duct height/orifice diameter and/or spacing increases the trajectory path
depth. The agreement between the data and the correlation is shown on Figure 3.

-11-



I11 Technical Discussion (cont.)

Approximately 86% of the data are within a + 20% band about the prediction line.
This data band is a consequence of the very uniform vertical velocity distri-
bution shown by a Targe portion of the data. The uniform velocity distribution
caused some random scatter in the location of the maximum velocity values, how-
ever, the covariance analysis indicated good corre]ation with all of the above
independent variables.

Velocity penetration data was also available from the
work of Kamotani and Greber (Ref. 8). These data indicate less jet velocity
centerline penetration than is predicted by Equation {7}, except at the highest
momentum flux ratios when the data from Reference 8 shows greater penetration
than does the prediction. The data from Reference 8, for tests with H/D = 8
and $/D = 2, is shown on Figure 4, along with the corresponding trajectory
predictions using Equation 7. Differences in primary stream boundary Tayer
effects and jet velocity profiles may partially account for these penetration
differences shown on the figure. The jet velocity profiles from Reference 8
corresponded to fully developed pipe flow while the Reference 1 work used sharp-
edoed orifices and the jet velocity profiles were not fully developed. Jet
velocity profile differences between pipe flow and nozzle (or orifice) flow
were observed to cause approximately a 10% reduction in jet penetration for the
pipe compared to the nozzle (Ref. 8). If the corrections for velocity profile
and boundary layer development are made to the predictions on Figure 4 agree-
ment between measured and predicted values is improved at the lower momentum
flux levels, but is worse at J = 72. The variation of the trajectory with
downstream distance appears to be correctly given by Equation (7).

'For most of the data surveyed the agreement between the
Reference & data and the predictions of Equation (7) appeared best at a momentum
flux ratio of 32. For much of the Reference 8 data low momentum flux ratios
(J = 8) resulted in substantially less penetration than did the data of Reference
1, upon which Equation 7 is based. At high J values the Reference 8 data shows
more penetration than does that of Reference 1. Apparently the influence of
momentum flux ratio on jet penetration from the two sets of data are significantly
different. A log-log plot of the penetration depth as a function of momentum
flux ratio is shown on Figure 5 for both the Reference 8 data and the Reference 1

-12-



111 Technical Discussion ({cont.)

data with two orifice row configurations, $/D = 2 at H/D = 8 and H/D =

The data is shown at a location 10 diameters downstream of the injection plane.
The data from Reference 1 have a constant exponent on J while the Reference 8
data indicate an increasing exponent on J with increasing J.

3. Jet Thermal Trajectory

The correlation obtained for the jet thermal penetration,
YC/DJ, was:

.25 A4 .38 7 -b

YC/DJ = ,539 (S/DJ) (H/DJ) (X/DJ) e (8)

-]

where:

b= (m? s - \[373.5)/11.0 (9)

As with the velocity trajectory, increasing momentum flux ratio, duct height/
orifice diameter énd/or orifice spacing all tend to increase the depth of the
trajectory path. However, for the thermal trajectory an exponential modifier
is used to model path recurving which occurs with under penetration at far
downstream distances. A correlation for YC/DJ was derived by Cox in Reference
9. The Reference 9 correlation is based on a baseline data case with corrections
to the baseline case obtained from polynomial (up to 4th order) curve fits on
X/DJ. Comparison of the correlation equation {8) with the Reference 9 correla-
tions showed Equation 8 matched the data slightly better than do the Reference
9 correlations. The correlations of Reference 9, due to the polynomial curve
fits, are not applicable for X/Dj = 21.

‘ The agreement between the data and correlation of Equation
8 is shown on Figure 6. As with the velocity trajectory, the thermal trajectory
definition was difficult due to the uniform vertical temperature profiles of a large
portion of the data. Approximately 85% of the data falls in a + 20% band about
the prediction. At the far downstream locations the data scatter is more evident
than at locations near the orifice injection plane. The covariance analyses
indicated significant exponents for all the specified independent variables. The
validity of the trajectory equation is evidencedey the good agreement between
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111 Technical Discussion {cont.}
measured and predicted temperature profiles which will be shown in Section IIIE,
4. Jet Centerline Temperature Difference Values

The correlation obtained for the jet temperature centerline

values was:
i -af
1.536 J

O cent = 1.5 (1 - Op) + Opp (10)

X/DJ

where: ¢

G%B = the {deal theta defined in Equation 2
f = \1$/H /(1 + S/H)
From Equation 10 the temperature centerline values, O ..., decrease with

increasing downstream distance and momentum flux ratio and is strongly
influenced by O%B' Also the influences of X/D; and J on Gé,cent are coupled

to the spacing, S/H. The agreement between the measured data and the corre-
lation Equation 10 is shown on Figure 7. The data on Figure 7 are shown plotted
as the prediction value as a function of the measured value, since a single
correlation curve as a function of X/DJ can not be drawn due to the variable
power on X/DJ in Equation 10. Approximately 85% of the data falls in a t

10% band about the covrelation Tine.

| Centerline temperature difference ratios were measured
for heated jets injected into a cool primary stream in the work done by Kamotani
and Greber in Reference 8. The rates of change of the dimensionless temperature
ratio, Bg,cent’ as a function of downstream distance for the Reference 8 data
were approximately the same as that shown by the cool jets in heated primary
stream data used on this program. A correlation for the jet centerline dimension-
less temperature ratic based on a portion of the Reference 1 data was presented in
Reference 9 as an exponential decay. The form of the Reference 9 equation differed

from the more conventional power form, and the prediction appeared to diverge
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111 Technical Discussion (cont.)

from the measured data at large X/DJ, although the limits on & vere

c,cent
well defined.
5. Plus and Minus Side Minimum Temperature Difference Values

As mentioned previously, recent studies (Ref. 1, 7, and 9)
have shown the vertical temperature distribution in the orifice centerplane
to be approximately Gaussian in nature. Therefore the distribution can be
modeled if the Tlocation (Yc,cent/DJ) and magnitude (ﬂh,cent) of the peak theta
values are known and if the distance from the centerline to some characteristic
theta values (such as a half value) on the near (-) and far {+} injection sides
of the jet centerline can be defined. For the case of single jet injection

the characteristic distance dimension is from the centerline to the theta half

values, U; Cent/z. For multiple jet injection temperature difference as low
2 . . +
as Gé,cent/z may not exist on the centerplane. Thus the half-widths, w~1/2/Dj,

are defined as the distance from the centerline to the location where:

o

+ ——
S1/2,cent T (OE,Cent * m1'n,c:ent)/2 (11)

To specify the profile using this definition of the half-width, the ratio,

+ ) PR
(G_min,cent)/(eé,cent) must be known for all conditions. The form chosen for
these correlations was:
+
* =
_& 1/2,centleb,cent =1 -.5e (12a)
hd
for G'sz,cent’ and the corresponding form for the minimum value:
N ‘
+ -c
e—min,centfab,cent = 1-e (12b)
For the plus side ratio:
+ - 1.62 1.5 -3.67 1.1
o = 0.038 (S/DJ) (H/DJ) (X/DJ) (13)
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111  Technical Discussion (cont.)

This correlation results in increasing plus side minimum theta ratio values
with increasing downstream distance, X/DJ, increasing momentum flux ratio, d.
and increasing jet spacing, (S/DJ), and jet diameter, (H/Dd)_]' These results
are reasonable because increasing all the above mentioned parameters would
increase jet penetration and thus result in a trend toward higher plus side
theta minimum values.

For the minimum theta values on the minus side of the
jet the correlating function, c , in Equation 12 was:

: -.3 -1.4 .9
¢ = 1.57 14 (S/DJ) (X/DJ) (14)

This correlation predicts increasing minﬁs side theta ratios with incréasing'
downstream distance, but with decreasing momentum flux ratio and orifice
spacing. The orifice size did not significantly influence the minus side
minimum theta ratio. The inverse relationship between the changes in the
minimum theta ratio and changes in momentum flux ratio and spacing is probably
due to the fact that jet penetration increases with J and S/DJ, which would
allow the jet minus side theta values to decay to lower minimum values. The

agreement between the data and the predictions for the plus and minus 01/2 cent
values are shown on Figures 8 and 9 respectively. '

6. Plus and Minus Side Half Widths
+
As discussed in the preceding paragraph, the 0'1/2,cent values,
(Eg. 11), were the dimensionless temperature parameters used to define a charac-
teristic dimension, the half width, used in the Gaussian dimensionless tempera-
ture distribution equation (Eq. 5). The correlation for the plus side half width
nondimensionalized by the jet diameter, DJ, was:

+ 18 -.25 5 5
Wy o cent/Dy = <162 0 (s/B) (WD) (k/my) (15)

The correlation eguation for the minus side half width was
derived by difference from correlations of jet total half width and plus side
half width. The resulting correlation was:

-16-



111 Technical Discussion (cont.)

- .15 27 .5 .12
W o cent/Dy = 29 (8/Dg) WDy (X/Dy) (16)

Difficulties encountered in a direct correlation of the minus side half

width were probably a consequence of the very uniform minus side dimension-
less temperature profiles for a large portion of the data. This made defini-
tion of the precise location of the minus side minimum theta values difficult.

The half width correlations can not, by themselves, be
related to changes in the dimensionless temperature profiles since the half
width values must be coupled with the corresponding minimum and centerline
theta values in order to properly interpret the influences on the dimensionless
temperature profiles. For example, if Gimin,cent and ﬁé,cent are nearly equal
a uniform temperature profile will result, even for very small half width

values.
D. 0ff-Centerplane Correlations (Z Planes)

Two off-centerplane correlation equations were developed: (1) the
ratio of the maximum temperature difference at the lateral (Z) planes to the
centerline values in the centerplane and; (2} the ratios of the jet thermal
penetration in the Tateral (Z) planes to the thermal penetration in the center-
plane. The observed Gaussian nature of the vertical temperature distribution,
at all stations where the flow field was influenced by the diluent jets, was
used to define temperature field profiles at the off centerplane locations.

The data showed the ratio of theta minimum to theta centerline values at any
location off the centerplane were essentially equal to the corresponding center-
plane ratios. Thus the previously developed centerplane minimum theta correla-
tions could be applied at the off centerplane locations. Also, the off center-
plane half-widths were assumed to be equal to the corresponding centerplane
half-widths.

1. Ratios of Maximum Theta Values in Lateral Planes

to Theta Centerline Values in Centerplane, Gh,z/ah,cent

The basic form of the correlating equation for the lateral

plane to the centerplane theta ratio BE 2/6’ s:

wWa
c,cent

-17-



111 Technical Discussion {cont.)

. /0 C e o e (z ) (17)
¢,z “c,cent DE,cent S/2
where:
z = local distance from centerplane to plane Z
s/2 = distance from centerplane to midplane

This form makes use of the mid to centerplane theta ratios and the lateral
position ratio, Z/(5/2). Using Equation 17 the predicted theta ratios will

be between 0 and 1 and the rate of change of UE,Z with Z will go to zero at
the centerplane. The power on Z will cause the variation of the theta ratio
with lateral distance to be parabolic. A better basic form might be one which
will allow the variation of the theta ratio with Tateral distance to contain
an inflection point and have zero sltopes at both the centerplane and midplane.
However, at the present time this more sophisticated modeling doesn't appear

justified or necessary. The correlation equation for Oé,mid/of,cent is:
-d
eb,mid/gb,cent = 1- € (18)
where:
.53 -1.53 .83
d = 452 J (S/DJ) (X/DJ) {19)

Thus the midplane to centerplane ratio increases with increasing momentum

flux ratio and downstream distance (more jet spreading) and decreases with
increasing orifice spacing. The dimensionless jet diameter, [H/DJ]'] did

not appear to significantly influence the theta ratios.

2. Ratio of Penetration Depth in Lateral Planes to

Penetration Depth on Centerplane, Y. /Y. cant

The basic form of the Y /Y

| c,z’ "¢,cent
identical to that used for ﬁé,z/ec,cent;

correlation was
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111 Technical Discussion (cont.)

y Y . Yc,mid z ‘ (
o feeent T TN T 0 (sm) 20)
with ‘
Yc,mid/Yc,cent -1 e’ | (21}
where: 67 -1.0 54
g = 22707 (s/D)) (/D) (@)

The trends predicted by this correlation are similar to those predicted by
the theta ratio correlation equations.

E. The Complete Temperature Field

The parameters and relationships described above provide the
necessary input for complete characterization of the temperature field down-
stream of the diluent injection plane. A computer code, FIELD, was developed
which incorporated the various equations and relationships into a temperatufe
field model. These correlation equations were summarized in Table II. A listing
of this code is contained in the Appendix along with a sample input. The predicted
temperature profiles for Figures 10 through 29 were obtained using the FIELD

program.
1. Dimensionless Temperature Profiles in the Centerplane

Predicted and measured dimensionless temperature profiles
in the orifice centerplanes are shown on Figures 10 through 20. The test
configuration matrix of orifice sizes and spacings used to develop the center-
plane correlation equations are shown on Table III along with the momentum flux
ratios surveyed. The specific Configurations and momentum flux ratios selected
for centerplane profile illustration are shown on Table IV. The centerplane
profiles are shown for downstream distance to duct height ratios of .25, .50,
1.0 and 2.0, with the exception of the H/DJ = 20 case where X/H values of .125,
.25, .5 and 1.0 were used.
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I11 Technical Discussion (cont.)

Figure 10 contains data from a H/DJ = 10.2 and S/DJ =
3.8 orifice row configuration at a momentum flux ratio of 26.7. This con-
figuration approkimates an "average" configuration based on H/DJ and S/DJ
values. Good agreement between the empirical data and the pediction may be
seen at all four downstream planes.

Data obtained with H/D = 10 and momentum flux ratio
of 26 is shown on Figures 11, 12 and 13 for orifice spacings, S/DJ, of 2.5,
5.1 and 7.7 respectively. These data show the predicted and measured in-
creases in jet penetration as spacing is increased. Agreement is again good.
between the experimental data and the prediction except for the S/DJ = 7.7
case at the first two planes when the penetration depth is under predicted
by approximately 10%. The data in Figures 11 and 12 were used in demon-
strating the correlation method of Reference 9, and the predictions from
this reference are shown for comparison.

The effect of momentum flux ratio on the predicted and
measured dimensionless temperature profiles are shown by the data of Figures
14 and 15 for nominal H/DJ = 10 and S/DJ =5 at nominal momentum flux ratios
of 6 and 62 respectively. The data of Figures 14 and 15, along with the
J = 26 data of Figure 12 show the increase of jet penetration with momentum
flux ratio.

The data from tests of the smallest orifices, H/DJ = 20,
at the closest spacing, S/DJ = 2.5 is shown on Figure 16, for a nominal
momentum flux ratio of 25. Both the measured and predicted data show the
§ma11 penetration distances achieved at all stations. Agreement between the
prediction and the measured data is very good at the three upstream stations
but only fair at X/H = 1.0, Figures 17 and 18 contain data from tests using
a nominal H/DJ of 15 at S/DJ values of 2.5 and 5.1, respectively, and nominal
momentum flux ratios of 60. Again agreement between the empirical data and
the predictions appears good at most stations and the increase in S/DJ is
shown to increase jet penetration.
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111 Technical Discussion (cont.)

Comparison of the measured and predicted profiles for
the largest orifice diameter tested (H/DJ = ) is shown @n Figures 19 and 20
for J = 13.3 and S/’DJ = 2.5 and for J = 27.2 and S/DJ = 5, respectively.
The prediction for the J = 13.3 test appears to match measured data well.
For the J = 27.2 case the prediction for )(/D‘J = 1.3 and X/DJ = 2.5 under-
estimates the jet penetration.

The test conditions used to illustrate the model applica-
bility on Figures 11, 12, 15 and 19 were also used in the study of Reference
9. The Reference 9 predictions are shown on the figures for comparison.

Based on these data the centerplane predictions using the correlations from
this study appear to model the empirical data as well or better than do the
predictions of Reference 9. In addition, the simplicity of the correlations
developed during this study allows easy computation, provides some insight

as to the physical processes occurring during penetration and mixing, and will
allow confident extrapolations.

2. Dimensiontess Temperature Profiles in the Lateral (Z)
Planes

Predicted and measured dimensionless temperature prafiles
in the lateral planes are shown on Figures 21 through 29. The test configura-
tion matrix of orifice sizes and spacings used to illustrate the lateral
plane profiles are shown in Table V. The lateral planes shown on the figures
are for 2/S = 0.0, {centerplane), Z/5 = .2, Z/S = .3, and Z/S = .5 (midplane).
With the exception of Figure 28 which shows data at X/H = .25 all the profiles
are shown at a downstream distance to duct height ratio of 1.0. The data shown

on Figures 21, 22 and 23 are for nominal H/DJ = 10, S/DJ = 5 and nominal
momentum flux ratios of 6, 27 and 62 respectively. Both the measured and pre-
dicted data show the increase in jet penetration and the increasing spreading
of the jet {less profile change with Z lateral plane) as momentum flux ratio
js jncreased.
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I11 Technical Discussion {cont.)

‘Data from tests with a nominal H/’D‘J = 10 and nominal
momentum flux ratio of 26.0 are shown on Figures 24 and 25 for S/DJ values
of 2.5 and 7.7 respectively. Comparison of these data and the data of
Figure 22 shows the increase in centerplane jet penetration, and the flattening
of the temperature profiles in the Z lateral planes, with increasing orifice
spacing. Good agreement between predicted and measured temperature profiles
is evident on Figures 21 through 25.

Lateral plane temperature profiles for the smaliest
jet diameter, H/'DJ = 20 and smallest spacing S/DJ = 2.5 are shown on Figure
26. These data show the flat minus side temperature distribution in both
the Y énd Z directions. For the plane shown, X/H = 1.0, the predicted pro-
files underestimate the jet penetration slightly; agreement is better at the
upstream stations as may be seen from the centerplane data of Figure 16.

Predictions for operating and design conditions used
in the study of Reference 9 are shown on Figures 27, 28 and 29, with the
predictions from this reference {or Reference 10) shown for comparison.
The data of Figure 27 are for X/H =1, J = §7.3, H/DJ = 15 and S/DJ = 2.5.
Figure 28 shows data at X/H = .25, J = 24.7, H/DJ = 15 and S/DlJ = 5 and the
Figure 29 data are for the largest orifice tested, H/DJ = 5, at X/H = 1.0,
S/D‘J = 2.5and J = 13.3. A comparison of the predictions based on the corre-
lations developed during this study with those of Reference 9 show somewhat
closer agreement with the measured data using the techniques developed in
this report.

Iv CONCLUSIONS
A, Correlation Parameters
The mixing efficiency and temperature distribution downstream

from a row of multiple dilution orifices can be adequately predicted as a
function of downstream distance over the range surveyed on this study provided
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1y Conclusions {cont.)
only that three independent variables are known:
(1) The jet to primary stream momentum flux ratio, J

(2) The nondimensional diluent orifice diameter, (H/DJ)
(3) The nondimensional diluent orifice spacing, S/0;

-1.0

- This set of independent variables will allow predictions to be made for the
following parameters:

(1) The mixing efficiency (energy exchange efficiency), E,

(2) The jet velocity and temperature centerline penetration
YV/DJ’ YC/DJ

{3) The maximum nondimensional temperature values in the
centerplane

(4) Shape factors which allow the entire temperature field
to be predicted from the assumed Gaussian profile shape

B. Model Precision

The correlations developed during this study can be used over
the ranges of variables given in Table I with reasonable confidence that the
predictions will be within the one sigma standard error of prediction value
given for each correlation in Table I1. Extrapolation somewhat beyond the
range of momentum flux ratios and downstream distances listed in Table I
should yield reasonable predictions. However, extrapolations beyond the
specified ranges of orifice size and spacing should be done with caution.
That is, the correlations aiven will not reduce correctly to the limits
of a slot jet or a single jet. Direct use of these correlations for combustor
applications involves the implicit assumptions that the range of density ratios
and turbulence levels surveyed during the test program of reference 1 were
adequate to have allowed characterization if a significant influence existed.
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TABLE 1
SUMMARY OF DATA RANGES

PARAMETER
Momentum Flux Ratio, J
Flow Rate Ratio?l:JJ/l;lm
Density Ratio, oy/p,
Velocity Ratio, VJ/Vw

Duct Height/Jet Diameter, H/_DJ

Jet Spacing/Jet Diameter, S/DJ

Jet Spacing/Duct Height, S/H
Downstream Distance/Duct Height, X/H
Downstream Distance/Jet Diameter, X/DJ
Primary Stream Reynolds Number
Primary Stream Temperature

Primary Stream Velocity

Jet Velocity

Jet Temperature

-2h-

NOMINAL

RANGE
~ 5.0 - 60.0

.04 - .60
1.6 - 2.7
1.59 - 5.33
5 - 20

2.5 - 7.5

125 - 1.0

125 - 2.0

1.25 - 30.

5

3 - .8x10

450 - 750°K

15 m/sec

25 - 121 m/sec

290°K
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TABLE II
SUMMARY OF CORRELATION EQUATIONS

STANDARD -
PARAMETER CORRELATION EQUATION ERROR OF PREDICTION
Energy Exchange Efficiency E = 100[ 1.0 -e) 5.6192
41 .44 -1.0 .44
a=0.682 (J) (S/DJ} (H/DJ) {X/DJ)
v, .25 4 .38 17
Thermal Trajectory 5 = 0.53% (J) {S[DJ) (H/DJ) (X/DJ) ) 0.7518
J
b= (XH)Z (/5 -373.5)/11.0
YV .12 .23 .57 .18
5 T 6.549 (J) (S/DJ) (H/DJ) (X/DJ) 0.7735
Velocity Trajectory J
Centerplane Temperature Difference Ratio )
' U f
1.536 () j
r .5
_ S/H) ‘
f ~ T+ (S7H) ]
Plus-5ide Minimum Temperature G * c+
-~ i ' . -
Difference Ratio WEFEDEAEEDE [1.0-e 3 0.1216
c,cent
. 1.62 1.5
¢ = 0.038 {1) {S/DJ}
(H/Dg) =367 (X/DJ)1'}
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TABLE 11 {cont.)

STANDARD
PARAMETER CORRELATION EGUATION ERROR OF PREDICTION
Minus-Side Minimum Temperature 0 -c~
Difference Ratio __%lﬂ;&gﬂi = [1.0-¢ ] 0.734
: c,cent -.3 -1.4 .9
¢ = 1.57 (J) (S/DJ) (xzoJ)
| Wt 18 -.25 5 5
Plus Side Half Width ——1l§i59ﬂ3 = 0162 (3)  (s/D,) (H/D,)  (X/Dy) 0.6598
‘ J
w+ 15 .27 .5 A2
Minus Side Half Width _1/2,cent = .20 {J} (S/DJ) (H/DJ) (X/DJ) 0.5503
Y
Midplane to Centerplane GE,mid = .0 - e-d] 0.1120
Theta Ratio c.cent * * ’
»CE .53 -1.53 .83
d = 0,452 {J) (S/DJ) (X/DJ)
cyc z B;: mid [ z &0
Off-Centerplane to Centerplane 5 2 = 1.0 - {1.0 - B/, 7 0.1109
Theta Ratio ¢,cent c,cenpjl
Yc mid -8
Midplane to Centerplane v = [1.0- e ] 0.1446
Penetration Ratio ¢, cent 67 21,0 £4
g = 0,227 () (S/DJ) {X/DJ)
v (v 1 2.0
Off-Centerplane to Centerplane C,2 = 1.0- 1o | Camid z 0.1208
Penetration Ratip c.cent \yc.cent $/2




H/DJ

7.5
10
15

20

TABLE III

MATRIX OF TEST CONFIGURATIONS AND MOMENTUM FLUX
RATIOS USED TO DEVELOP CORRELATIONS

2.5 375 0 s 7.5
6-30( 1) N2 6-60 N.T.
. 6-60 6-26(4) N.T. N.T.
6-60 6-30(%) 6-60 6-60
14-60¢3) N.T. 6-60 CONT.
6-60 N.T. N.T. N.T.

No Tests Conducted with J Greater than 39

N.T. = Not Tested

J = 6 Test not Used - Invalid Thermocouple Data

J 60 Test Not Used - Stored Test Data Could Not be Recovered
Actual S/Dj = 3.54; H/Dj = 7.07

No Tests Conducted with J Greater than 30
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TABLE 1TV

MATRIX OF TEST CONFIGURATIONS AND MOMENTUM
FLUX RATIOS USED TO ILLUSTRATE CENTERPLANE DIMENSIONLESS TEMPERATURE PROFILE

| 5/D,
2.5 3.75 5.0 7.5
/D,
5 3=13 wih) J=27.2 N.T
7.5 Not (2) Mot N N.T.
Used Used
| J=6
10 J=25 J=25 J=26 =25
| J=60
15 =57 CONLT. J=60 N.T.
20 =25 N.T. N.T. N.T.

(1) Not Tested

(2) Tested But Not ITlustrated
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MATRIX OF TEST CONFIGURATION AND MOMENTUM FLUX RATIO

TABLE V

USED TO ILLUSTRATE LATERAL PLANE DIMENSIQNLESS TEMPERATURE PROFILES

H/D‘J

7.5

10

15

20

(1) Not Tested

(2) Tested But Not ITllustrated

2.5

J=13.3
X/H=1.0

Not (2)

Used
J=25
X/H=1.0
J=h7

X/H=1.0

J=25
X/H=1.0

3.75

——
-—
—

Not
Used

Not
Used

N.T.

N.T.

S/DJ

-30-

5.0

Not

Used

N.T.

J=26

J=60
X/H=1.0

J=24.7
X/H=.25

N.T.

7.5

N.T.

N.T.

J=25
X/H=1.0

N.T.
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APPENDIX
TEMPERATURE FIELD PROGRAM

1 ¢ ' '
Pe c: THIS PROGRAM wWILL. USE. THE EQUATIONS DEVELOPED DURING THE! MULTIPLE!
3. C JET STUDY,NAS318026, TO DEFINE THE: THERMAL: FIELD OOWNSTREAM OF
4, [ MULTIPLE JET INJECTION PORTS
5, i
b, ¢
Te REAL NWIDTH
8, COMMON /7 DIM # YCCLO)p¥V{L0), YH(20D,XHI6)X0J(10),2500),
9y ATICAPCI0), TIMAX(10), HAFPOS(L10) ,)HAFNEG(IO),PHIDTHOLIO)EYLLD),
1t, sTWIDTHOLO)  NRIDTH(L0)Y pTZZ(6420) ¢ YZ2(6,21),DEL(I0)4Hy
11, ATHETACIO 21,20 JXTHETACL 0,210,200, YITLECL13),YD(20),¥YMID(20),THID(RD
12, *),TBAR(10) )
13, COMMON /7 SINGLE 7/ WD, RRHO,CO,RVEL,5DJ,RHDOT,HDJ, TIDEAL #XJ /50,
1d, RRTEMP
15, COMMON ./ RPLOT / XPLOT(22),YHPER(22),1TAB,NDSTRM, NOPLUT(b) YFIRAT,
16, AYDEL,XFIRST,XDEL
17, '
18, H=4,0
19, C xaxAxIAL OIST,, ¥ LDCATION, AND LATERPLILOCATION ARRAYS wae
20, DATA XH/,125+,250,,500,1,00,1,%0,2,00/
21, DATA YH/ 036G, ,081,,1272,1708,.221,,267,,314,,361,,408,,454,,501L,
ée, *,548, .595,.&“1] +688, W T13%,,782, .323’.6759 3227
23, DATA Z5/.0, .20 ¢80 abeaBa1,0/
24, MAMELIST/INPUTZHDsCOrXJ 5D SH RRHD) TIDEALYRVEL ,RTEMP RHDDT, IPRANT
25, *y TTAB NDSTRM NOPLOTY ,YFIRST,YDEL 4 XFIRST, XDEL,IPLOT
26, 1 FORMAT(L13An)
27, READ(S5.1JTITLE
28, 1F(CDLT,,01)CD2,062
29, READ (S, INPUT,ENDZ2000)
30, WRITE(b, INPYT)
L3 c awk CONVERT FROM X/H AND Y/M T0 Xs0J AND Y/DJ
LT 2 FORMAT(IHL, 1348}
33, DO 50 Izl,6
3u, 50 XDJLIYSXH{I)#HD/SQRTI(CD)
35, 00 &0 I31,20 ‘
16, 60 YD(I)SYHUI)«HD/SORT(LD)
17, IF(RWOOT ,EQ, 0, INRITE(&,3)
38, 1F (RWDUT ,EQ,0,IRWDDT=,20
18, 50J=SD/SQRT(LD) '
40, HOJSHD/SLIT(LD)
41, 1F{RAHO,EQ,0,)RRHO=2,2
42, 1F{5H,EQ,D,)SHESD/HD
43, IF(TIDEAL ,EQ,0,} TIDEALSRWDOT
uu, Ba 100 I=1,6
45, [ saa ET EQUATION a3 .
46, TNREw, B A (XDJ (IR U R (SDIN Q4) 2 (HOJkRe] 0} R(XJan,04])
47, ET(1)=100,0n(t ,0=EXP{FN2))
48, C amk CAP THETA AND MAX THETA EQUATIONS #x
49, EXN=SORTC(SH/ (] 4+5H))
, S50, TICAP{L)=(1, 5300 (a4 )n(XDJ(I}enm) 15))nn(EUN)
" 81, TIMAX(1)STICAP (I A(L ,»T {DEAL) +TIDEAL!
52, [ axa PENETRATION EBUATIUNS
5%, o nak THERMAL #xw
sS4, YEC(IIS,S89a (X Tan 254 (80 Tam LUl a(HDJax 38)n(X0J(T)"n,17)
ORIGINAL} PAGHE IS
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FIELD

EEXSEXP (XA ] a2 0)o 0] /8Ho((XJa¥; 5)7/3,5))/11,0)
YC(I)eYR(I}aEEX

[ K o]

aae VELDCLITY wan
YV OIYE S00n(X)uk 1 2)a(BDJas 23w {HOJan 5T)a{XDJ(T)An,1R)

ane PLUS AND MINUS SIDE HALF VALJES

L0

Fxz,038a(xfan] 6200 (XDJ(1)an] t)a(HD)anad b67)0(3DJ4R1,5)
HAFPOS(I)=],20,5#EXP{=FX)

anl.57-(:J1n.,3)i(annnulqa)a[on(I)g.;Q)
HAFNEGTI) 2] , =0, S2EXP{=FX)

kwh HALF WIDTHS

33

THIOTH(I)=, 35780 {XJan JT)n(HDIan, S)R(XDI(L)ns,3)
PRIDTHO )= 16230 (xJan 18 aCHDJAR SIR(XDJ{IYun 53 2{3D)hnn,28) e
NWIDTHLI)STWIDTH(13=PHIDTH(L)
IFCOYCCIIo+PATOTHLL) ) ,GT ,HDJ) PRIDTHCI)=HDIYC (1)
TFCLYCCI Y eNNIDTHOI)) LT, 0,) NWIDTHLL)2YC(I)

100 CUNTINUVE

xax END DF CENTER PLANE PARAMETER CALCULATIONS

skk BEGIN OFF CENTERPLANE EVALUATIONS = DATA INDICATES THE RATID
OF ¢ AND e THETA HALF VALUES TO THETA WAX OFF CENTERPLANE IS
ESENTIALLY EUGAL YD THE CENTER PLANE: RATIO,ALSQ, THE DFF
CENTERPLANE HALFWIDTHS ARE EQUAL. TQ THE: EENTERPLANE HALFWIDTHS

B0 150 I=1,4
FX2,0565%(X]Jau ,S52B)x(SDJnne] S29)a(XDJ{])wns, BEB)
TMID(IJ 1.~EXP(-FXJ
FXs, 2272 (X un AT)I*(SDJakw] Q) a(XDJ(L)2e,50)
150 YMID(Il)=l,=EXP{=FX)

[g B 4]

axs CALCULATE 2FF CENTERFLANEI THETA AND ¥ MAX #ww
DO 200 I=1,86
DO 200 X=1,%
TZZ(T RIS, (1, =THID(]))AZS(K)ae2
200 YZI{I,K1%1,=(1,=YMID(] 1))n78(K)ru2

axkx NOW WILL ASSUME GAUSSIAN DISTRIBUYTION TO: GEY FLOW FIELD Anun
FIRST REPEAT THETA AND ¥ MAX VALUES FOR HALF SPAMN FDUR TIMES
DU 240 I=1,4
N=0
DO 210 X=7,11}
Kis5=N
TZ2(7+K)=T22(10K1)
YZZULKIEYZZI(I4KL)
2i0 NN+t
Nz2
0D 220 X=12,16-
KisN
TIZCL RIBTZZUT4KY)

(s Xakal

ORI -
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liaq -
113,
114,
115,
116,
117,
118,
{19,
120,
121,
122,
tes,
124,
125,
126,
127,
128,
129,
130,
131,
112,
133,
134,
135,
136,
137,
118,
139,
140,
1a1,
a2,
143,
144,
145,
1486,
147,
148,
149,
180,
191,
ts82,
153,
154,
155,
156,
157,
158,
159,
160,
t61,
162,
163,
164,
165,
166,
167,
168,

g sXelalr]

220

230
250

400

- 500

aon

nooaaoo

700

720

FIELD

YZZ(I R)BYZZ(IoKY)

NEN+]

Nz( )
DD 230 X=i7,2)

Ki=5=N

T2Z{1, 83272201 .K1)

YZZ(IoK)BYZZ(1oKE)

NaN+§

CUNTINUEL

PO 500 ME],8

PO 500 HKEi.2)

bp So0p 1ug1,20

YMAXBYZZ(M,K}aYC (M)

IFCYDCI) GE,YMAX) GO 1O 400

YIEYMAX=YD(])

TMINZ2 eHAFNEG{M)ATLIMAX(M)=TIMAX(H]}

XEXPOEXP (AL OGR4 )#(YI/NWIDTH(H]}) %22} _
THETA(H, K, 1)01Z2 (M, KIa({TIMAX{M)}THIN) #XEXP+TMIN]
Gy TO 500

YIEYD{I)=YMAX

TMEINZZ2 (AHAFPOSIMINTIHAX(M) =T {MAX (M)
YEXP=EXP{=ALOG(2 )% (YL/PRIDTHIM)}Re2)

THETA(M, K, LISTZZ(M, KIS LCTIMAX{M)=TMIN) RXEXP+THIN)
CONTINUVE

THE FLOW FIELD HAS BEEN DEVELOPED QVER A TWO § SPAN FROM CENTER
PLANE OF. ORIFICE TO CENTER PLANE OF ORIFICE, NOW TRANSPOSE
TO A FLOW FYELD THAT GOES FRDY HIDPLANE: TO MIDPLANE OVER 285. 3PAN

DO T00 MRis6

DO 700 XEi,14

o0 700 Imi,29
HTHETA(M, K, L J2THETA{H,X+5,1]1)
PO 720 M),

DD 720 K=17,21

Do 720 I=i,.20
KTHETA(M, X, 1 J=THETAIM,Ka15,1)

max GET AYERAGE THETA

750

760

DO 750 M=31,6

TBAR(M) =,

DO 750 K=1,2)

DO 750 Ixi,20
THAR(HM)STAAR(MI¢XTHETA(M,K,[)/720,7/21,

PATTERN FACTOR

DO 760 Msi,8
DEL(MIBTBAR(M) /(] ,=TBAR(H))

TFOIPRNT EQ,0)CALL PRINTY



FIELD

169, 2000 CONTINVE: ;

170, 3 FORMAT(LOX, t#as FLOW RATIO INPUT AS ZERD, SEY EQUAL TO 0,20 «aat)
171, ¢

172, C

173, vl

174, C

175, . IFCIPLOTLEQ . 0)}CALL PLOT)

i7e, END

END ELT, TIME: 0,4168 SECONDS,
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PLOTE

1. SUARDUTINE: PLOTY
24 REAL NWIDTH
3, COMMON / DIM 7 YCCL10),YYL10),YHE20),XH(6)Y, XDJ{10),28C(6), TICAP(10),
4y *TAMAKCLG) , HAFPOSCLIOY , HAFNEG(IO0) ,PHIDTH(IQ) ,ETC10), THWIDTH(L0),
Se eMWIOTH{10) 3 T2ZC 21 )V Z2C6) 2 ) o DELCLO) M, THETACLIO,21420)
&, AXTHETA(1Q,21,20) e TITLE(L3)YD(20),¥YHID(20),THMID(20),TRAR(LID)
7. COMHON / SINGLE / HD,RRHOD,CD RYEL,SDJRWDDTHDJ,TIDEAL , XJp 5D, RTEMP
8, COMMON /7 RPLOT / KPLDT(EE’JYFPER(E?)pITABpNDSTRH;NUPLDT(b);YFIRSTp
9, *YDEL ,XFIRST, XDEL
10, IF(NDSTRM.ED DINDSTRM=Y
i, Cabl PLATS(Qs0.7)
12, CalL PLOT(T p1,0:=3)
{3, £ wex (NM}z NUMBER OF POINT LOCATIONS IN OUCT HEIGHT nan
14, o anx (NDSTRM)= DOWNSTREAM LOCATION OF LATERAL PLOTS wa=n
15, c aav (NOPLIT)S DUNNSTREAM OR LATERAL LDCATIONS YD BE DELETED haR
i16, NMS20 .
17, TF(ITABEQ1)CALL SYMBDL(O,4,7.0, .20, 'CENTERPLANE TEHPERATURE: PROF
i8, #1LE CU“PAR!SDNS'aO..HS)
19, IF(ITAB,CQ,2)CALL SYMBOL(D.1s740s.,20, "LATERAL PLKNE TEMPERATURE! PR
20, e {F TLE CJHPARISUNS'JO.;“S}
2L, CaLt SYMED {3,8,4, 5!.10|'J"00|i3)
22, CALL SVMHUL(5.7fb.5o.lUA'S/DJN'rO-[S}
23, CALL SYMBODL(8,1,6,5,,10,t1/0J31,0,,5)
cu, CALL NUMHER(U ,d,6,5,,10,%X0,0,,1)
25, CALL NUMBER(S,T46,5,,10,80J,0,42)
eb, - . CALL NUMBER(9,1:6,.59,,10,H0J,0,,1)
27, IF(ITAB,EQ,2)CALL SVHEDL(“.afb'Op.30|‘K!Hl'10.pQ)
cé, IFCITABEQ,2ICALL SYMBOL(7,2r6,0,,10,t%70J8¢,0,,5)
2%, IFCITAB,EQ, 2 CALYL NUMBER(S ,7rb, 05,10, XH{NDSTRM),0,43)
30, IF{ITAB EQ, 2)CALL NUMBERIB 2,656,030, XDJ(NDSTRM);0,4,4}
31, CALL AIIStO,-D,;‘PERCENT of Ducy HEIGHT'12235,190ppTFIR31p73ELD
32, YHPER{NM¥1)=YFIRST
13, YAPER(NM#2)aYDEL
34, XPLOT(NM¥ L)z XFIRST
35, XPLOT(NM»2)YeXDEL
36, MMz 0
37, NMD= t
38, 10 DO 35 Mul,.h
19, IF(NUPLUI(NMD) £d, H)GU 10 15
ug, po 13 I=1,20
4, ' YHPER(I)=1OD.*YH(I)
4z, IFCITABLEQ, §)%PLOT(IYaXTHETA(M,6,1)
43, IFCITAG EQ,2)XPLOT(I)aXTHETA(NOSTRM,Ma55,1)
4d, 13 CONRPINUE
45, IF{MM EQ, 0160 TO 4
b, CALL AXIS(D,s0s4! Y455, 90,, YFIRSY, YDEL)
a7, 19 Call AXIS(O,nO.a'THETA'r'S 3,,0,,XFIRST,XDEL)
48, MMzMM
4e, CALL LINE(XPLOT,YHPER,NMys{,0,1)
50, TFCTTAB,EQ 1 ICALL SYMBOLCO, 75,5510, '%X/DJR",0,,5)
51, IFOITABLEG, 1ICALL NUMBERCL 755,55, ,10,X00(M),0,,1)
52, IFLITAB,EQ, tICALL SYMBOL(O.7s5,Crel0ptK/HZY,0,,4)
5}. IFrIT‘Bn&Qal)CALL NUMBERH.brS-Zl-19-)(?-‘“4):9.:3)
4, TROTTAR PG, 210810 SYMBOLID, A, 5,9,.10,%22/521,0,,%9)
ORIGINAL PAGE I8
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PLOTI
54, IFLITABEQ,2)CALL NUMBERCI (Bs5,5:¢30,28(M}s0,01)

S6, IF(XTAB.EG.E.AND.N.EG.I)CALL,SYMBQL(D.bpS.SJ.IUa’(CENTERPL&NE)':O.
57, " 13) .

58, IFCITABLEQ 2o AND M EQ, B ALL SYMBOL(0,08,5,3,,10, V(MIDPLANEY 30,010
59, ") , ‘

60, CALL PLOT(3,5,0,0,°3)

a1, 15 1F (NDPLOT{NYD) EQ MINMDEBNMD¢]

62’ CaLL PLUI(I“Q.",,QQQ)

L XM RETURN

b, . END

END ELT, TIME: 0,1384 BECONDS,
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PRINTL

1, SUBRDUTINE PRINTY
- REAL NWIDTH
L COMMON 7 DIM 7 YECLO) YV II0)pYHL20) hXHIG)  XDJI{10),25(6),
q, #TICAP(I0), TIMAXC(10), HAFFODS(10), HAFNEG(10), PWIDTH(IO0), ET(10]),
5, ATWIDTHOIO) o NRIDTH{LO) T2 (6,28 ), Y226, 21),DELLLOY o H,
b, *THETA(10,28,20) s HTHETA(S0,24,20) TITLE(IB),YBL20),YMID(20),THMID(20
7, *},THARC10)
B, COMMON / SINGLE / HD,RRHO,CD,RVEL,SOJ,RWDOT,HDJI, TIDEAL,X1,530,
% SRTEMP
ta, DIMENSION Z7285¢21),Y5(20)
1!, H81zMa2 b4
12, DATA Z257 0 ealaara3rebs4900000TroBre9slo0yiodnd el dsdntipl,Se
13. .1l&PS¢?fsnEp‘|qlaoOI
14, WRITE(H,17)
15, WRITE(6,16)TLITLE
16, WRITE{b,1)}
i7, WRITE(L,2)x],5D
i8, WRITE(b,3IRTENP,HD
19, WRITE(&,U)RRHY,CD
20, WRITE(B,S)IRVEL,5DJ
2t, WRITE(6;8)}RWDOT,HDY
22, WRITE{G,7}TIDEALHS]I,H
23, WRITE(H,8)
24, WRITE(®&,9)
25, WRITE(A,20)
26, DU 100 4=t,s
27, 100 WRITE(G, 10)XH(MI o XDJIMIETIM),TICARIM), TIMAXIH) (YCLH) YV (M), TRBARLM
b, ), 0EL (M)
29, DO 110 I=,20
30, 110 YSCI)=YH{l)YaHD
3, DO 500 “mi,s
32, WRITE(B,11)
33, HRITE{b, 12 XH(H) ,XDJIM)
34, KRITE(H,13)(22S(K)pKa1,11)
35, WRITE(H,;14)
is, PO 150 1=1,20
371, 150 WRITE(O, 1S)YH{IY YOI o YSLI) o (XTHETA(M, K, ), a1t}
g, WRITE(b, 12 0R(M),XDJ (M)
19, WRITEL{G6,13)(2Z5(X),Kz11,2}))
4o, WRITE(b,14d)
4y, DO 160 31,20
uz, 140 WRITECE 2 ISYYRCIY e YOLI) o YSCI ) o (HTHETA(M K, IYoKe1l,21)
43, S00 COMTINUE
4i, } FORMATL///20, ' xutan ODPERATING CONDITIONS awnwnf V60, 'snns DESIGN
us, KCONDITIONS awannt//)
ib, 2 FORMAT (20X, "MOMENTUM FLUX RATIOS ', Fb,2,TL0,'DRIFICE, SPACING,5/Da
ar, 2 1, TR0,F6,3}
4b, Y FORMAT{20X,'TEMPERATURE RATID = t,F6,2,Th0, "DRIFICE. SIIE, H/D =
49, 2 1,190,Fh,3)
50, 4 FORMAT(20X,1DENSTITY RATIO = '4Fb,2,T60,'ORIFICE: DISCHARGE! COE
51, 2F='T90,F6,3) '
52, 5 FORMAT(20x,*VELOCITY RATIOD = fyFb,2:T60, "EFFECTIVE SPACINGS/D
53, *JET90,.F6,3)
54, & FORMAT(Z0XY ,1FLDiw RATE RATIO: VaFb,2, YO0, "FFFECTIVE DRJFICE 812

U voon GUALEE. -s6-



2x0T FIELD

SINPUY
HD

tD

xJ

5D

aK
RRHJD
TIDEAL
RYEL:
RTENP
ANDIT
IPRNT
17483
NDSTRM
NJ2LOT

YEIRST
VDEL!
XF1AST

CXDEL:
1PLOT

BEND

LU I

nuuuguaguunmuu

Cﬂiﬂiﬂﬂ

55, sE,H/DJR 1, T80,F5,3)
56, 7 Fownarteox,'IDEAL THETA = 15FB,2,TH0, 'DULCT HEIGHTQ‘!,T90,
ST, © AFb,3,' CH 1FB,3,T IN 1)
58, B FOAMAT(//7/70QX, 1 enanaes MIXING AND CENTERPLANE QATA #nwnnal///)
59, 9 FORMAT(13X,? DISTANCE'.!27;'DISTANCnH,TaO.'HI!ING EFFt, 152, 'CAP: TH
60, aErn',Tbu,'uax THETA', 176, 'PENETRATION', TBB8, *PENETRATION' ,T100, 'AVE
b1, * THETA!, T112,'PATTERN')
62, 20 FORMAT{ITX, 1X/HYp T30, X/DJ , TUS, YETY, 175, A/DJ (TEMP) Y, TBB,V X/D
a3, *J (VELIV,T113,'FACTORY)
bd, 10 FORMATILOX,9{2X,FL0,4))
65, {1 FORMAT(UH;, 750, '#xa TABLE OF THETA VALUES waal/s/)
hb, 12 FORMAT(INO, 11 a,tX/H FB, U, T30,1X/DJY,FB,4/)
b7, 13 FORMATITU, 12755, 120,11F10,4)
68, 14 FORMATIIS, 'y/R" TIL,Vyrs0J,T17,0Y/81)
69, 15 FORMATI(FS,3,FB,3,F6,3,120,t1F10,4)
70, 16 FURMAI(&D:.!-tw-*t b 13Ab, T110,  ankanal).
11, 17 FORMAT{LIHY £/ ///720%, Y ansananaas ACROJEY LIGUID RDCKﬁT CONPANY WUy,
72, #TIPLE SET INJECTION FLOW FIELD PRIGRAM & tnttnttisnl///usg,?(DEVEL
73, SOPED UN NASA LEWIS CONTRACT NAS 3e13028)'///)
T4,
75, RETURN
18, END
SAMPLE. INPUT
+U0000000E+D1
«5H130000E+00
¢ 13320000E+02
2000000 0E+01
+50000000E+00
L22100000E+0)
W 27590000E+00
2 2US00000E+D]
«22100CG00E+0Y
«35000000E+00
+0
+1
U ‘
+1; 'fS' +0, +0,
4Gy +0
L 00000000E 0D
200000006402
+O00000000E+00
2 2500C000E+00
+0
AL PAGE I3

PRINTI
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